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Polychlorinated biphenyls (PCBs) are toxic, 
persistent, and widespread in the environment (PEAKALL 
and LINCER 1970). PCBs and DDE [l,l-dichloro-2,2-bis 
(p-chlorophenyl)-ethane] together may be the most abun- 
dant of the chlorinated hydrocarbons in the global eco- 
system (RISEBROUGH et al. 1968). 

Commercially manufactured mixtures of PCBs are 
known as Aroclors (Aroclor is a trademark of the 
Monsanto Industrial Chemical Company) and are classi- 
fied according to per cent chlorine by weight. Aroclor 
designation consists of four digits (e.g., Aroclor 
1221). The first two digits denote the biphenyl mole- 
cule, the last two the per cent chlorine (e.g., 21%). 
These compounds are relatively inert, have low water 
solubilities, and are lipophilic (FISHBEIN 1972). 

Recent investigations indicate the need for 
more information on the effects of PCBs on the lower 
trophic levels of freshwater and marine ecosystems. 
A brief summary of these investigations is as follows. 
In a heterogenous marine phytoplankton community the 
total radiocarbon uptake was reduced by 50% at 6.5 ppb 
of Aroclor 1242, 15 ppb of Aroclor 1254, or 35 ppb of 
DDT after 24 hrs exposure (MOORE and HARRIS 1972). 
However, the rate of photosynthesis per cell, as meas- 
ured by radiocarbon uptake, was shown to be unaffected 
in marine phytoplankton at 10 ppb of Aroclor 1254 and 
50 ppb of DDT (FISHER 1975). The growth rate of two 
species of marine diatoms were reduced by exposure to 
Aroclor 1254 at i0 ppb for one week (MOSSER et al. 
1972a). These investigators also found PCBs to be more 
toxic than DDT to diatoms. Also, Aroclor 1254 in con- 
centrations up to i00 ppb did not inhibit growth of 
Euglena gracilis, a freshwater flagellate, which sug- 
gests that E. gracilis is more resistant to PCBs than 
marine phytoplankton species. 

Aroclor 1254 or DDT in concentrations up to 
100 ppb added to mixed cultures of a marine diatom and 
a marine alga resulted in the loss of dominance by the 
diatom (MOSSER et al. 1972b), suggesting that natural 
species relationships can be disrupted by these chlo- 
rinated hydrocarbons. Aroclors 1242 and 1260 reduced 
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growth rate and cell population size after 96 hrs in 
cultures of an estuarine ciliate at 1 ppm (COOLEY et 
al. 1973). Aroclor 1254 caused a reduction in these 
parameters at 1 ppb. Accumulation of the Aroclors in 
the ciliate was greater with increased chlorination of 
the Aroclor. 

RNA levels were reduced by 63% and chloro- 
phyll index reduced by 80% in a marine diatom after 
two weeks exposure to 0.1 ppm of Aroclor 1242 (KEIL et 
al. 1971). Accumulation of this Aroclor was up to 1000 
times the level in the culture medium. 

The objectives of this study were to deter- 
mine levels of Aroclor toxicity to Eu~lena ~racilis, a 
representative freshwater phytoplankton species. Cell 
population growth, carbon fixation, chlorophyll level, 
oxygen consumption, and protein and nucleic acid syn- 
thesis were examined in order to define the metabolic 
site of toxicity of Aroclor 1221. 

METHODS AND MATERIALS 

Cell Culture 
Cultures of Euglena gracilis Z (# 12716, iThe 

American Type Culture Collection, Rockville, MD) were 
axenically maintained in Hutner's medium (ATCC 1974) 
with 1% glucose at 25 + 1 o C under fluorescent light 
of approximately 1000 foot-candles with a light/dark 
cycle of 14/10 hrs. Thirty ml volumes of medium were 
cultured in 125 ml nephelometer flasks. Side arms of 
the flasks were inserted into a B&L Spectronic 20 
(Bausch and Lomb, Rochester, NY) to read the optical 
density at 750 nm (0D750) as a measure of cell popula- 
tion density (ELLIOTT 1949). 

Cell Population Growth Inhibition 
Cultures were adjusted to 104 cells/ml and 

after 24 hrs incubation as described above were ex- 
posed to initial dose levels in the medium of 0 (sol- 
vent control), 2.5, 5.0, 7.5, and i0 ppm of Aroclor 
1221 (The Monsanto Industrial Chemical Company, St. 
Louis, MO). Dimethylsulfoxide (DMSO) (Fisher Chemical 
Company, Fairlawn, NJ) was used as the solvent for 
dilution and delivery of the Aroclor, at less than 0.1% 
(v/v) in all experiments. Controls without DMSO were 
also compared for growth with solvent controls. After 
48 hrs exposure to the Aroclor, OD750 readings were 
taken and the per cent inhibition of growth when com- 
pared with solvent controls was determined for each 
dose level. The same procedure was used for Aroclor 
1232 (Analabs, North Haven, CT) at dose levels of 0, 
20, 35, 50, and 100 ppm. Three separate replications 
for each Aroclor were carried out with three flasks per 
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replicate at each dose level. The ID50/48 (that dose 
level which results in a 50% inhibition of cell popu- 
lation growth after 48 hrs exposure) was estimated ~or 
each Aroclor from the log-probit dose-response curve 
(MILLER and TAINTER 1944). 

Carbon Fixation 
Cultures grown for 24 hrs from 104 cells/ml 

were exposed to 4.4 ppm (the ID50/48) of Aroclor 1221 
in DMSO. Control cultures received DMSO alone. After 
48 hrs, 0D750 readings were taken of control and 
treated cultures, and [14C]-bicarbonate (New England 
Nuclear Corp., Boston, MA) was added to each flask at 
17 nCi/ml and incubated for one hour under light at 
25o C. Cells from 5 ml of each culture were collected 
by vacuum filtration (#GA-6, Metricel 0.45 ~m membrane 
filter, Gelman Instrument Co., Ann Arbor, MI). Each 
filter was washed with I0 ml of fresh culture medium 
and placed in a scintillation vial. After drying the 
filter overnight at room temperature, 5 ml of 
Concentrol scintillation fluor (Yorktown Research, 
Hyde Park, NY) were added, and radioactivity measured 
with a Nuclear Chicago Mark II Liquid Scintillation 
Spectrometer. Results were expressed as counts per 
minute (CPM) divided by 0D750. 

Oxygen CQnsumption 
After 48 hrs PCB exposure, 30 ml volumes of 

control and treated cultures were centrifuged @ 600 x 
g for i0 min, and resuspended in 3 ml of culture 
medium. Cell density of each sample was determined with 
a Model B Coulter Counter (Coulter Electronics, Hialeah, 
FL). The rate of oxygen consumption was determined after 
5 min equilibration with air at 25 ~ C with a YSI Model 
53 oxygen polarograph (Yellow Springs Instrument Co., 
Yellow Springs, OH). Values were expressed as ~-atoms 
O2/106 cells/hr. 

Chlorophyll Level 
Five ml aliquots of cell suspension from 

cultures exposed for 48 hrs were taken from treated 
(4.4 ppm Aroclor 1221) and control cultures and cells 
collected on filters as described above. Chlorophyll 
was extracted for 24 hrs in stoppered test tubes with 
i0 ml Fisher Spectranalyzed acetone. After centrifug- 
ing, the absorbance of the acetone extract was read 
at 665 nm in a B&L Spectronic 20. Chlorophyll absorb- 
ance (Ch A665) values were divided by the OD750 of the 
48 hr cultures in order to correct for population 
density. 

Protein and Nucleic Acid Synthesis 
After 48 hrs PCB exposure, 5 ml aliquots were 

taken from treated and control cultures and placed in 
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i0 ml Erlenmeyer flasks. One-tenth ml [3H]-L-leucine 
(New England Nuclear Corp.) was added to each flask at 
0.2 ~Ci/ml and incubated for one hr at 25oc. Uptake of 
[3H]-leucine was measured by collecting cells on fil- 
ters and washing with an equal volume of culture med- 
ium before scintillation counting. To measure [3H]- 
leucine incorporation after two hrs incubation, 5 ml 
of 10% trichloroacetic acid (TCA) (Fisher Chemical Co.) 
was added to the flasks. After 5 min the protein pre- 
cipitate was collected on filters and washed with i0 
ml of 5% TCA. Filters were dried and radioactivity 
determined as described above. CPM values were divided 
by the population densit~ (cells/ml). The same proce- 
dure was followed with [JH]-thymidine and [3H]-uridine 
at 0.2 ~Ci/ml in order to measure uptake and incorpom- 
ation into DNA and RNA respectively. 

RESULTS 

Ce.!ipo~ulation Growth Inhibition 
After 48 hrs exposure, DMSO in the concentra- 

tions used (< 0.1%) had a minimal effect on cell popu- 
lation growth of E__t. ~racilis. The ID50/48 for Aroclor 
1221 was estimated to be 4.4 ppm (Fig. i) and 55 ppm 
for Aroclor 1232 (Fig 2.) 
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Figure I. Estimation of ID50/48 
to Eu~lena gracilis of 
Aroclor 1221. 
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Figure 2. Estimation of ID50/48 
to Euglena gracilis of 
Aroclor 1232. 



There was no inhibition of cell population 
growth when using Aroclor 1242 in concentrations up to 
i00 ppm. It was not possible to solubilize Aroclor 1242 
in the aqueous culture medium, using DMSO as solvent, 
to a level which would reduce growth by 50%. 

Carbon Fixation, Chlorophyll Level, and Oxygen 
Consumption 

The rate of carbon fixation in control cul- 
tures was 71.7 + 7.1 CPMXI03/OD750 (mean + S.E.). For 
cultures treated with 4.4 ppm Aroclor 1221~ the value 
was 45.9 + 4.3, an inhibition of 36.1% (Fig. 3). 
Chlorophyll level for control cultures was 1.38 + 0.05 
Ch A665/OD750 and for treated cultures was 0.72 + 0.01, 
an inhibition of 43.2% (Fig. 4). 
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Figure 3. Carbon fixation 
in control and Aroclor 1221- 
treated (4.4 ppm) cultures 
after 48 hrs. 

Figure 4. Chlorophyll levels 
in control and Aroclor 1221- 
treated (4.4 ppm) cultures 
after 48 hrs. 

Differences between control and treated cul- 
tures for carbon fixation and chlorophyll level were 
highly significant (p < 0.01). There was no signifi- 
cant difference in oxygen consumption between control 
and Aroclor-treated cells (Fig. 5). Values were 0.89 
and 0.90 ~-atoms O2/106 cells/hr for control and 
treated cultures, respectively. 

75 



e~ 

o 

0~ 
LU 
O. 

- - I  
. . I  
IAJ 
u 

0 

o 

3E 
0 
I -  

k 

1.0 

0.5 

CONTROL T R E A T E D  

Figure 5. Oxygen consumption 
in control and Aroclor 1221- 
treated (4.4 ppm) cultures 
after 48 hrs. 

Protein and Nucleic Acid Synthesis 
Uptake by control cultures of [3H]-leucine 

after 48 hrs was 48.2 + 12.3 CPM/105 cells; for treat- 
ed cultures 99.4 + 6.8? This was a two-fold increase 
over control. Incorporation of [3H]-leucine showed no 
difference between control (75.3 + 3.2) and treated 
(78.3 + 4.8) cultures (~ig. 6). 

- - I  
- - I  
LLI 
u 

O 

100 - 

~ ~ C O ~  

I I ' - " I T R |  w ~ - 

Z 

z 

o u 
0 - 

U P T A K E  I N C O R P O R A T I O N  
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Uptake of [3H]-thymidine in treated cultures 
was reduced by 27.4% to 19.3 + 1.9 CPM/105 cells, rel- 
ative to that of control (26.6 + 3.0). This difference 
was not significant (p > 0.05).--There was no differ- 
ence in [3H]-thymidine incorporation (20.1 + 1.4 and 
20.8 ~ 1.7 CPM/105 cells for treated and controls, 
respectively) as shown in Fig. 7. 
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Figure 7. Uptake and incorporation of 
[3H]-thymidine in control and Aroclor 1221- 
treated (4.4 ppm) cultures after 48 hrs. 

Uptake of [3H]-uridine was significantly 
decreased (51.3% inhibition) in treated cultures (p < 
0.01). Values were 17.3 + 2.7 CPM/105 cells in control 
and 8.42 + 1.0 in treated cultures. There was no sig- 
nificant difference (p > 0.05) in [3H]-uridine incor- 
poration (81.0 + 6.1 and 71.0 + 12.7) as shown in 
Fig. 8. 
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Figure 8. Uptake and incorporation of 
[3H]-uridine in control and Aroclor 1221- 
treated (4.4 ppm) cultures after 48 hrs. 
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DISCUSSION 

We have determined that the ID50/48 for 
Aroclor 1221 (4.4 ppm) was less than that Yor Aroclor 
1232 (55 ppm), and Aroclor 1242 showed no inhibition 
of cell population growth with concentrations up to 
100 ppm over 48 hrs exposure. Aroclor 1221 at the ID50 
level was found to depress significantly carbon fixa- 
tion and chlorophyll levels, but not to affect oxygen 
consumption. Uptake of L-leucine was increased two- 
fold, but incorporation was not affected. Only uridine 
uptake was significantly decreased by Aroclor 1221 
treatment, whereas uridine incorporation and thymidine 
uptake and incorporation were not different from con- 
trol values. 

With Aroclors 1221, 1232, and 1242, toxicity 
to E. gracilis decreased with increasing per cent 
chlorination of the Aroclors. In marine phytoplankton, 
a lower toxicity was found with 1254 than with 1242 
(MOORE and HARRIS 1972). Aroclor 1254, however, was 
found to be more toxic to the ciliate Tetrahymena 
pyriformis than either 1242or 1260 (COOLEY et al. 
1973). In most cases toxicity appears to be inversely 
related to per cent chlorination. 

DDT reduced photosynthesis as well as popu- 
lation growth in cultures of marine phytoplankton 
(WURSTER 1968). PCBs were shown to be toxic to commu- 
nities of marine phytoplankton, with toxicity measured 
as inhibition of radiocarbon uptake (MOORE and HARRIS 
1972). A more recent study determined the rate of 
photosynthesis per cell in phytoplankton exposed to 
PCBs and to DDT, and showed no difference between con- 
trol and treated cells (FISHER 1975). 

It has been suggested that DDT taken up by 
phytoplankton becomes associated with the chloroplasts 
because of the lipophilic properties of the DDT mole- 
cule, and because the chloroplast contains most of the 
cell lipid during active cell growth (COX 1972). 
Aroclor 1242 reduced chlorophyll index in a diatom 
(KEIL et al. 1971). In this study, Aroclor 1221 signi- 
ficantly inhibited carbon fixation and reduced chloro- 
phyll levels in E. gracilis, after correction for cell 
population density. Our results, and the similarity in 
structure and properties of the DDT and PCB molecules, 
suggest that at the ID50 level, depression of photo- 
synthesis and/or chlorophyll production is the mechan- 
ism of population growth inhibition in E. gracilis. 

The two-fold increase in [3H]~lleucine uptake 
in PCB-treated cultures over that of controls may be 
due to an alteration of the cell membrane permeability 
to the amino acid. PCBs have been shown to bind to 
membranes and subsequently to alter membrane organiza- 
tion at these binding sites (ROUBAL 1974). 
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RNA levels in a diatom were reduced after two 
weeks exposure to Aroclor 1242 (KEIL et al. 1971). In 
this study, [3H]-uridine uptake, but not incorporation, 
was inhibited by the ID50 level of Aroclor 1221 after 
48 hrs. Incorporation may be depressed as well after a 
longer exposure period than 48 hrs. 

E. gracilis is more resistant to PCB toxicity 
than are marine phytoplankton species, yet it is dif- 
ficult to compare the relative toxicity of PCBs to 
E. gracilis and other phytoplankton because of the 
varying times of exposure, initial density of cell cul- 
tures at exposure, different Aroclors and different 
solvents used in the various studies in the literature. 
These factors should be standardized for better corre- 
lation between investigations. Also, it has been ob- 
served that there is a geographic difference in phyto- 
plankton sensitivity to PCBs (FISHER et al. 1973). 

In conclusion, we have shown that PCBs in- 
hibit cell populationogrowth in cultures of Euglena 
racilis. At 4.4 ppm, the Aroclor 1221 ID50/48 level, 

n in cell population growth results-from in- 
hibition of photosynthesis and/or chlorophyll produc- 
tion. 

S UMMARY 

Populations of Euglena gracilis in exponen- 
tial growth under light were exposed to 2.5, 5.0, 7.5, 
and i0 ppm of Aroclor 1221. The ID50~48 of Aroclor 
1221 was estimated to be 4.4 ppm, while ~roclor 1232 
tested at 20, 35, 50, and i00 ppm resulted in an 
ID50/48 of 55 ppm. With Aroclor 1242, no inhibiton of 
growth was observed with up to i00 ppm exposure. 

Cell cultures exposed to 4.4 ppm of Aroclor 
1221 for 48 hrs had a significantly reduced rate of 
carbon fixation and reduced levels of chlorophyll after 
correction for cell density. Oxygen consumption was not 
affected at the ID50 level of the Aroclor. Uptake of 
[3H]-leucine in treated cultures was twice that of con- 
trols, and [3H]-uridine uptake was significantly lower. 
Uptake of [3H]-thymidine, and incorporation of [3H]- 
leucine, [3H]-thymidine, and [3H]-uridine were not sig- 
nificantly different in treated and control cultures. 
These results suggest that at the ID50 level, polychlo- 
rinated biphenyls (PCBs) reduce cell population growth 
in Euglena gracilis by inhibition of photosynthesis 
and/or chlorophyll production. 
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